Combretastatin A-4 is a highly potent natural stilbene that can inhibit cancer cell proliferation. Numerous analogues of combretastatin A-4 have been proposed for clinical applications. However, structural studies of combretastatin A-2, a methylenedioxy derivative of combretastain A-4, are not available. In this study, various analogues of combretastatin A-2 with polymethylenedioxy spacer were prepared and their antiproliferative activities to four human cancer cell lines (HeLa, SK-OV-3, A549, and HT-29) and two normal cells (HaCaT and MDCK) were evaluated. Binding characteristics were evaluated based on computational docking and previously reported experimental data. Results suggest that their binding conformations are highly dependent on steric volume and electrostatic properties of substituents.
Introduction
Tubulin association is an important biological process targeted by many anti-proliferative agents. Stilbenes are well-established pharmacophores in medicinal chemistry that play an important role in antitumor treatment (Fig. 1a) . For example, combretastatin A-2 (CA-2) and combretastatin A-4 (CA-4) from Combretum caffrum are among the most potent antimitotic agents that can disrupt microtubule homeostasis. CA-4 is as an important lead compound for anticancer drug development because of its strong cytotoxicity and simple structure [1] [2] [3] [4] [5] . Numerous structural modifications of CA-4 have been made to improve their efficacy based on structure-activity relationships (SARs) [1] [2] [3] [4] [5] [6] [7] [8] . Recent SAR studies have shown some essential features of bioactive CA-4 derivatives [2] [3] [4] [5] [6] [7] [8] . For example, the cis-olefinic bridge between ring A and ring B is strictly required and the 3,4,5-trimethoxy group on ring A and 4-methoxy group on ring B are preferred substituents for strong activity [1, 3, 6] . In addition, 3-hydroxy substitution on ring B usually enhances the activity. Substituent at this position can be replaced by bromine or fluorine atom without significant loss of activity [1, 6] . Analogues with naphthyl group also have reasonable efficacy on various tumor cell lines [2] . In addition to stilbenes, analogues with conformationally restricted olefinic bond (e.g., imidazole, oxazole, and pyrazole) have also been prepared [7, 9, 10] . Binding site of CA-4 has been hypothesized to be the colchicine domain of β-tubulin through displacement studies [6] . A recent structural study has proven such hypothesis [11] . Crystallographic data have provided detailed features of binding sites. For example, CA-4 is more deeply buried in the binding domain than colchicine. The 3,4,5-trimethoxyphenyl unit of CA-4 was moved inward than that of colchicine (approximately 1.22 angstrom) [11] . Molecular dynamic simulation has shown that the superior activity of CA-4 over its trans-isomer may result from stronger interaction between CA-4 and β-tubulin. Several amino acids can interact with the trimethoxy group of CA-4 mainly through hydrophobic interactions. SAR studies with bulkier analogues (e.g., 3,4,5-triethoxy in ring A) have shown lower activity which is indicative of small binding space around ring A [6] . However, some analogues with much smaller substituents (e.g., 3,4,5-trifluoro substituents in ring A) are known to be equally potent [6] . These results suggest that steric complementarity alone cannot explain cytotoxicities of CA-4 derivatives. In comparison with CA-4, SARs with CA-2 have been scarcely studied. Semenov et al. [12] have reported that CA-2 analogue with benzodioxin ring is almost equally potent to CA-4 in sea urchin embryo assay. However, there were no additional researches.
In this study, several polymethylenedioxy analogues of CA-2 were prepared and their cytotoxicities to several human cancer cell lines and normal cells were evaluated.
Materials and methods

Chemical syntheses of stilbenes
Substituted stilbenes were prepared by Wittig reaction from substituted benzaldehydes and triphenylphosphonium salts of substituted benzyl bromide (TPP salt). In detail, a mixture of TPP salts (5 mmol) and benzaldehydes (5 mmol) in dry DMF (15 mL) was dropwise added to a suspension of Kt-BuO (10 mmol) in dry DMF (20 mL) in ice bath. After addition, the mixture was further stirred for 15 min and heated to 80 °C for 5-10 h. The cooled mixture was diluted with 5% brine (400 mL) and extracted with ether (400 mL, three times). Combined extracts were washed with 5% brine (400 mL, 3 times) and dried over anhydrous Na 2 SO 4 . After removal of solvent, the residue was purified by silica gel column chromatography with a mixture of ethyl acetate and hexane. The structures of synthetic stilbenes are presented in Fig. 1b . Detailed synthetic methods and results of instrumental analyses are provided in additional file.
Antiproliferative activity and antioxidant activity of synthetic stilbenes
Antiproliferative activity of title compounds (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) was evaluated with sulforhodamine B (SRB) assay, while antioxidant activity (ABTS and DPPH assays) was tested using literature methods [13] .
Molecular property calculation and docking studies
Ligand-receptor docking study was carried out with CA-4 and derivatives using SwissDock [14, 15] . Energyminimized ligand structures and its partial charges were calculated with HyperChem ver. 8.0 (Hypercube Inc.). The crystal structure of β-tubulin complexed with CA-4 (accession code: 5LYJ) was obtained from RCSB Protein Data Bank (PDB, https ://www.rcsb.org). Heteroatoms (e.g., CA-4, water, GTPs, etc.) and α-tubulin subunit were removed. Polar hydrogens were added to the β-subunit using Molecular Discovery Studio ver. 3.0 (Accelrys Software Inc.). Ligand was docked to the β-subunit in 5LYJ with default option. Docking results were visualized with Chimera or Molecular Discovery Studio [16] . Molecular surface area (square angstrom, SA) was estimated from the energy minimized structure using HyperChem. 
Results and discussion
Among the four cancer cell lines, HT-29, human colon colorectal adenocarcinoma cells were strongly inhibited by most synthetic stilbenes (IC 50 s = 0.009-1.9 μM), while the stilbenes showed a moderate antiproliferative activity on HeLa cells. However, the inhibitory activity of stilbenes was limited in SK-OV-3 and A549 cell lines (Table 1 ). In comparison with cancer cell lines, normal cells (canine kidney cell, MDCK and human keratinocyte, HaCaT) were resistant to stilbenes-mediated cell growth inhibition. In general, cis-isomers gave much stronger antiproliferative activities over their transisomers. For example, IC 50 of analogue 2 was 10 fold less than that of its trans-isomer (9) .Among derivatives, CA-4 (1) and its 4-methoxy analogue (2) were the most potent derivatives (e.g., IC 50s for HT-29, 9 and 20 nM, respectively). Polymethylenedioxy analogues of 2 (4-7) showed reduced activities over 2. Methylenedioxy stilbene (4) Tables 1, 2) . Ligand-protein docking simulation is frequently used in drug development. Reliability of the predictive model is strongly dependent on accuracies of protein structures. There are numerous X-ray crystallographic studies of anti-microtubule drugs [17] [18] [19] [20] . Results have proven that the morphology of binding pockets can be changed by ligand. A recent study on CA-4 has shown detailed features of its binding site on microtubule [11] . In brief, the shape was closely related to that of classical ligand, colchicine. For example, trimethoxyphenyl ring of CA-4 (ring A) give strong interaction with cysteine 241 (deep binding pocket), while ring B of CA-4 make hydrogen bonds with tyrosine in α-tubulin (αT179) and lysine (K352) (shallow binding trench). However, notable differences have also been observed, including the depth of binding pocket and the amino acid residues in closecontact with CA-4. According to crystallographic study, additional hydrophobic interaction between ligands and β-tubulin unit was found-namely interaction between CA-4 and alanine/leucine residues [11] . In the present study, molecular docking studies were performed using crystallographic coordinates of CA-4 and microtubule (5LYJ). First of all, binding conformations of CA-4 were predicted and compared with experimental data (Fig. 2a) .
Results indicated that the predicted binding conformation well coincided with crystallographic data-rings A and B and its substituents are located at the same positions. With this in hand, binding energies and other molecular properties were evaluated (Table 2) . According to simulations, binding conformations of 2-5 closely resembled those of CA-4. Ring A of stilbenes was positioned into a deep binding pocket while ring B (4-methoxyphenyl) was located at a shallow trench (Fig. 2b and Additional file 1: Fig. S2 ). Gaspari et al. pointed out that CA-4-β-tublin complex is stabilized by hydrophobic interaction and hydrogen bond, among which the interaction between methoxy groups of ring A and cysteine 241 (C241) is one of the most critical determinants. Structure-activity relationships (SARs) study with CA-4 analogues indicated that steric fitness of ring A substituents is an important factors in stilbene-tubulin-binding procedures [6] . CA-4 analogues with smaller steric volume (e.g., trimethyl and trifluoro derivatives) showed reduced cytotoxicity and tubulin assembly inhibition, while those with bulky substituents (e.g., triethoxy) also gave limited bioactivity [6] . The results indicated that there are optimum steric properties (e.g., volume or surface) of stilbene derivatives. Steric volumes of 4 and 5 are much smaller than CA-4 ( Table 2 ). Thus the interaction with hydrophobic amino acids may be reduced and resulted in the loss of antiproliferative activity of 4 and 5. Interestingly, preferred conformations of compounds 6 and 7 were quite different from others. Ring A of 6 and 7 was placed on a shallow pocket while the same rings of CA-4 and 2-5 are located in a deep pocket (Fig. 2a-c and Additional file 1: Fig. S2 ). According to experimental study [11, 17, 18] , trimethoxyphenyl unit of CA-4 is bound to deeply buried hydrophobic pocket comprised of lipophilic residues (e.g., alanine, cysteine, isoleucine, leucine, and valine). These residues further stabilize the ligand-tubulin complex through hydrophobic interaction. The shallow binding pocket around ring B is mainly comprised of polar amino acids (asparagine and lysine), where hydrogen bond became important for proper binding. Low bioactivity of 7 may result from steric incompatibility of ring A on this polar binding pocket. Additionally, limited hydrophobic interaction between ring B and deep pocket may also reduce the activity. In comparison with 7, stilbene 6 showed stronger cytotoxicity over 7, indicating that the shallow binding pocket cannot accommodate ligands larger than propylenedioxy analogue (6) . In general, binding free energies (ΔG) of trans-isomers were far smaller than those of cis-isomers ( Table 2 ). As mentioned above, the interaction between ring A and deep binding pocket is very important. However, simulation studies showed that ring A of trans-stilbenes, except 11, was positioned at the shallow pocket, rather than the deeper binding sites (Fig. 2d , e, and Additional file 1: Fig. S3 ).
As in the case of 7, such binding conformation reduced the interaction and consequently the binding affinity. Molecular simulation with stilbene 3 showed the importance of electrostatic properties of ring B (Fig. 3) . The shallow binding pocket in experimental structure showed slightly negative charges originated from asparagine and lysine. According to semi-empirical calculation of CA-4 and 3, partial positive charge (0.052) was observed in the methoxy hydrogen of ring B (CA-4), while strongly negative charge was predicted on the fluorine atoms in 3 (− 0.143) (Fig. 3b, c) . From the results, it can be suggested that there are repulsive interaction between 3 and its binding pocket. In general, predicted binding free energy (ΔG) of CA-4 and cis-isomers showed strong correlation with antiproliferative activity. However, some trans-stilbenes with low ΔG showed stronger cytotoxicity than cis-isomers (e.g., 3 and 10) ( Tables 1, 2) . It is noteworthy that cis-trans isomerization of stilbene has been found in human colon cancer study [21] . Although freeenergy barriers between cis-and trans-isomers are quite high, molecular dynamics study has suggested possibilities of such isomerization [11] . According to an in vivo study with mouse, isomerization is clearly observed and the extent is variable, depending on substituents [21] . Discrepancy between cytotoxicity and ΔG-based prediction may in part result from such metabolic transformation. However, detailed studies are required to confirm isomerization. Resveratrol, a natural stilbene is well-known for its antioxidant activities [22] . It has to be mentioned that fully methylated resveratrol analogue has also strong hydroxyl radical scavenging activity and protective effects against radical-mediated DNA damage [23] . The findings indicate that synthetic stilbenes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) may also give similar activity. Antioxidant activities of stilbenes (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) were evaluated by DPPH and ABTS methods (Table 1) . CA-4 was found to be a strong antioxidant while other analogues showed marginal activities in ABTS and DPPH assays. The results well coincided with those of other resveratrol analogues [24, 25] . Multiple hydroxy substituents are common features of natural antioxidants, including stilbenes and flavonoids [24] [25] [26] . According to theoretical study, the phenolic hydroxy group is an important determinant for radical scavengers (e.g., resveratrol) since the functional group can be a good source of hydride (an 
